The stereochemical outcome of cyclocondensation reactions of racemic and prochiral aldehyde and keto acid derivatives with (R)-phenylglycinol, leading to 7-substituted pyrrolidine-derived bicyclic lactams, is described.
Introduction
In a previous paper 1 we have reported that the cyclocondensation reaction of racemic (a) or prochiral (b) γ-substituted-δ-oxoacid derivatives with (R)-phenylglycinol stereoselectively affords one of the four possible isomers of the corresponding bicyclic lactam in a process that involves a dynamic kinetic resolution of the racemic substrate or the discrimination of the two enantiotopic propionate chains, respectively (Scheme 1). Moreover, a different stereochemical outcome of the reaction was observed when starting from aldehydes (R 1 = H) or ketones (R 1 = alkyl). Thus, aldehydes (R 1 = H) afforded a mixture of isomers A and B in a ratio of about 4:1, whereas keto-acids (R 1 = alkyl) gave B as the major isomers (approximate A/B ratio 1 :4) . No isomers with a trans R 1 /R 2 relationship were isolated. 
Scheme 1
Bicyclic lactams A or B, which in some cases could be isolated with up to 70% yield as pure isomers, were demonstrated to be versatile chiral synthons for the enantioselective synthesis of piperidine derivatives, including alkaloids and other biologically active piperidines.
2 These excellent results prompted us to investigate the stereoselectivity of cyclocondensation reactions from racemic (a) and prochiral (b) γ-oxo-acid derivatives (R 1 = H, alkyl or aryl) with (R)-or (S)-phenylglycinol. The resulting chiral bicyclic lactams would constitute advanced precursors for the enantioselective synthesis of 3-and 2,3-substituted pyrrolidines (Scheme 2). 3 It is worth mentioning that there are many known natural and synthetic biologically active compounds, 4 as well as chiral auxiliaries and ligands 5 containing a pyrrolidine moiety, and consequently new methods providing access to enantiopure derivatives of this heterocycle are of current interest. 
Results and Discussion
The cyclocondensation of unbranched γ-keto-acids (1a) (R' = H) with (R)-phenylglycinol has been reported by Meyers 3 to give a single isomer of the corresponding bicyclic lactam 2a, in which the substituents R and C 6 H 5 are cis (Scheme 3). 6 However, the preparation of the 7a-unsubstituted lactam (2b) 7 by a cyclocondensation process has not previously been reported.
Heating a toluene solution of methyl 4-oxobutanoate 8 (1b; R' = CH 3 ) and (R)-phenylglycinol with azeotropic removal of water gave lactam (2b) as a single isomer in 70% yield. Thus, in contrast with the previously observed different stereochemical outcome of cyclocondensation reactions from aldehydes and ketones derived from δ-oxoacids, aldehydes (1b) and ketones (1a) derived from γ-oxoacids afford lactams with the same relative configuration at the angular 7a position.
From 1b: Toluene, reflux, 70% (2b)
Scheme 3
For the cyclocondensation reactions from racemic γ-oxo-acid derivatives we selected the racemic aldehydes (3) and (4) and ketones (5) and (6), bearing an alkyl or aryl substituent at the isomerizable α position of the aldehyde or ketone carbonyl group. Aldehyde (3) was prepared as described in the literature, 9 whereas aldehyde (4) was obtained by alkylation of the diisopropyl enamine of butyraldehyde with methyl bromoacetate. On the other hand, keto acids (5) and (6) were obtained by alkylation of the enolate of 4-methoxyphenylacetone and butyrophenone, respectively, with methyl bromoacetate followed by saponification of the methyl ester. When a solution of an equimolecular mixture of racemic aldehyde-ester 3 and (S)-phenylglycinol was heated at reflux overnight with azeotropic removal of water with a DeanStark apparatus, a 1.7:1 mixture of the C-7 isomeric lactams (7a) and (7b), respectively, was obtained in moderate yield. On the other hand, under the same conditions but using (R)-phenylglycinol, the racemic aldehyde-ester (4), bearing an alkyl substituent at the isomerizable 3-position, afforded a 2:1 mixture of lactams (8a) and (8b), respectively, in excellent yield (Scheme 4). 
Scheme 4
Similar results were observed in the cyclocondensation reactions of racemic keto-acids 5 and 6 with (R)-phenylglycinol. The 3-aryl substituted derivative 5 yielded lactams 9a and 9b in a ratio 1.5:1, respectively, in 44% yield, whereas the 3-alkyl keto-acid 6 afforded a 2:1 mixture of lactams 10a and 10b, respectively, in 88% yield (Scheme 5). 
Scheme 5
On the other hand, the required prochiral aldehyde-diester (12) was satisfactorily prepared by conjugate addition of vinylmagnesium bromide to diethyl glutaconate by using the procedure reported by Overman, 10 followed by ozonolysis of the resulting 3-vinyl glutarate (11) (Scheme 6). 
Scheme 6
When a mixture of compound 12 and (R)-phenylglycinol was subjected to cyclocondensation under the above described conditions, a 2.7:1 mixture of isomeric lactams (13a) and (13b) was obtained in nearly quantitative yield (Scheme 7). 
Scheme 7
The relative ratios of isomers a and b in the above reactions were determined by 1 H NMR and HPLC. On the other hand, the absolute configuration of lactams 7b and 9a was inferred by comparison of their spectroscopic data with those reported by Meyers for analogous bicyclic lactams bearing a phenyl substituent at the 7 position, which were obtained by an alternative route involving the conjugate addition of organocuprates to α,β-unsaturated derivatives of simple bicyclic lactams. 11 Additionally, the absolute configuration of 9b was unambiguously determined by X-ray diffraction techniques. In summary, cyclocondensation of both racemic aldehydes (3, 4) and ketones (5, 6) lead in all cases to bicyclic lactams with the same 3,7a-cis relative configuration. However, the stereoselectivity in the dynamic kinetic resolution of the racemic γ-oxoacid derivatives leading to oxazolopyrrolidones is clearly lower than that observed from δ-oxoacid derivatives. Although desymmetrization of the enantiotopic groups of the prochiral γ-oxodiester (12) takes place with a slightly better stereoselectivity, it is still lower than when starting from δ-oxodiesters. These stereochemical results are in sharp contrast with those reported in related cyclocondensations from racemic cyclopentanone-and cyclohexanone-2-acetate derivatives, which afford a single isomer of the corresponding tricyclic lactam (Scheme 8).
Scheme 8
The stereochemical outcome of the cyclocondensation reactions of racemic oxoacid derivatives with phenylglycinol can be accounted for by considering that the reaction of the chiral aminoalcohol with the aldehyde or the ketone affords a mixture of four diastereomeric oxazolidines, in equilibrium through the corresponding imines-enamines (Scheme 9), which undergo subsequent irreversible lactamization.
Scheme 9
When racemic γ-oxo-acids (3-6) derivatives are used in the cyclocondensation reaction, the difference of energy between the diastereomeric five-membered transition states in the lactamization step is probably lower than when starting from δ-oxoacids, leading to isomers a or b with scarce stereoselectivity. The stereochemical outcome of cyclocondensations performed from γ-oxo-acids derived from 2-cycloalkanoneacetic acids could be a consequence of the strain imposed by the lower conformational mobility of R 1 and R 2 substituents, which form part of a ring. Similarly, the moderate stereoselectivity observed in the cyclocondensation of the prochiral aldehyde-diester 12 may be a consequence of the low difference of energy between the five-membered diastereomeric transition states resulting from lactamization of the two diastereotopic acetate chains.
In spite of the above limitations concerning the diastereoselectivity, taking into account the excellent chemical yield of the 7-alkyl substituted bicyclic lactams 8 (87%), 10 (88%), and 13 (98%), the commercial availability of both enantiomers of phenylglycinol, and the fact that the phenylethanol moiety is easily removable, 3 the cyclocondensations reported here can provide a convenient straightforward access to substituted pyrrolidines in both enantiomeric series.
Experimental Section
General Procedures. Melting points were determined in a capillary tube on a Büchi apparatus and are uncorrected. IR spectra were recorded on a Nicolet 205 FT-IR spectrophotometer and only noteworthy IR absorptions are listed. Optical rotations were measured on a Perkin-Elmer 241 polarimeter using a 1 dm cell with a total volume of 1 mL. Mass spectra were determined on a Hewlett-Packard 5988A mass spectrometer or on an Autospec-VG (HRMS) using electron impact mode. Thinlayer chromatography was done on SiO 2 (silica gel 60 F 254 , Merck), and the spots were located with aqueous potassium permanganate solution. Flash chromatoghraphy was carried out using SiO 2 (silica gel 60, SDS, 35-70 µ). All nonaqueous reactions were performed under an inert atmosphere. Solvents for chromatography were distilled at atmospheric pressure prior to use and dried using standard procedures. Drying of the organic extracts during the workup of reactions was performed over anhydrous Na 2 SO 4 
Ethyl 3-(4-chlorophenyl)-4-oxobutanoate (3).
Triethyl orthoacetate (11.0 mL, 60.0 mmol) and pivalic acid (0.069 mL, 0.6 mmol) were added to a stirred solution of (E)-4-(4-chlorophenyl)-3-buten-2-ol 9a (1.08 g, 5.9 mmol) in anhydrous DME (85 mL), and the mixture was heated at reflux for 48 h. The solvent was evaporated under reduced pressure, and the residue was taken up with CH 2 Cl 2 . The organic solution was washed with saturated aqueous NaHCO 3 , dried, and concentrated to give an oil, which was distilled (120 ºC, 0.01 mm Hg) affording ethyl (E)- 
3-Benzoylpentanoic acid (6).
A solution of butyrophenone (2.0 g, 13.5 mmol) in anhydrous THF (4 mL) was added to a cooled solution (−78 ºC) of LDA (9.0 mL of a 1.5 M solution in cyclohexane, 13.5 mmol) in THF (8 mL), and the mixture was stirred for 30 min. Then, methyl bromoacetate (1.28 mL, 13.5 mmol) was added and, after 1 h, the cooling bath was removed, and the stirring was continued for 7 h. The reaction was quenched by addition of a saturated aqueous solution of NH 4 Cl, and the mixture was extracted with AcOEt. The combined organic extracts were dried and concentrated, and the residue was chromatographed (AcOEt-hexane) affording methyl 3-benzoylpentanoate (1.6 g, 54% 
(C), 202.3 (C).

Diethyl 3-vinylglutarate (11).
A solution of vinylmagnesium bromide (34 mL of a 1.0 M solution in THF, 34 mmol) was added dropwise to a stirring suspension of CuI (647 mg, 3.4 mmol) in anhydrous THF (70 mL), and the resulting mixture was stirred at room temperature for 10 min. Then, the solution was cooled to -78 ºC, and TMSCl (4.3 mL, 34 mmol) and a solution of diethyl glutaconate (2 mL, 11.3 mmol) in THF (5 mL) were introduced sequentially. The resulting mixture was stirred at -78 ºC for 3 h, the cooling bath was removed, and the stirring was continued for 4 h. Saturated aqueous NH 4 Cl was added, and the aqueous layer was extracted with AcOEt. The combined organic extracts were dried and concentrated to give a residue, which was chromatographed (1:9 AcOEt-hexane) affording compound 11 (1.2 g, 50%) as a colorless oil. IR (film) 1736 cm 
General procedure for the cyclocondensation reactions
The γ-oxoacid derivative (1.01 equiv) was added to a 0.1 M stirred solution of (R)-or (S)-phenylglycinol in toluene containing 4 Å molecular sieves, and the mixture was heated at reflux overnight with azeotropic elimination of water with a Dean-Stark. The resulting solution was concentrated, and the residue was taken up with CH 2 Cl 2 . The organic solution was washed with saturated aqueous NH 4 Cl, dried, and concentrated. The crude mixture was subjected to flash column chromatography using SiO 2 previously washed with a solution of Et 3 N in hexane. In all cases a gradient mixture of hexane and AcOEt was used as the eluent. Yields and ratios of isomeric bicyclic lactams obtained are indicated in the text. 3S,7R,7aR)-7-(4-Chlorophenyl)-5-oxo-3-phenyl-2,3,5,6,7,7a-hexahydropyrrolo[2,1-b]oxazole (7b) . Colorless oil. 3R,7R,7aS)-7-Ethyl-5-oxo-3-phenyl-2,3,5,6,7,7a-hexahydropyrrolo[2,1-b]oxazole (8b) 3R,7S,7aR)-7-Ethyl-5-oxo-3,7a-diphenyl-2,3,5,6,7,7a-hexahydropyrrolo[2,1-b]oxazole(10a) (3R,7R,7aR)-7-Ethyl-5-oxo-3,7a-diphenyl-2,3,5,6,7,7a-hexahydropyrrolo[2,1-b]oxazole(10b) . Colorless oil.
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